Insecticidal proteins from the soil bacterium Bacillus thuringiensis (Bt) are becoming a cornerstone of ecologically sound pest management. However, if pests quickly adapt, the benefits of environmentally benign Bt toxins in sprays and genetically engineered crops will be short-lived. The diamondback moth (Plutella xylostella) is the first insect to evolve resistance to Bt in open-field populations. Here we report that populations from Hawaii and Pennsylvania share a genetic locus at which a recessive mutation associated with reduced toxin binding confers extremely high resistance to four Bt toxins. In contrast, resistance in a population from the Philippines shows multilocus control, a narrower spectrum, and for some Bt toxins, inheritance that is not recessive and not associated with reduced binding. The observed variation in the genetic and biochemical basis of resistance to Bt, which is unlike patterns documented for some synthetic insecticides, profoundly affects the choice of strategies for combating resistance.
The common soil bacterium Bacillus thuringiensis (Bt) produces crystals containing insecticidal proteins (1) . These toxins kill insects by binding to and creating pores in midgut membranes (2) . Each of the many strains of Bt produces a characteristic set of crystal proteins (1) . Each of these proteins is extremely toxic to certain insects yet is harmless to most other organisms, including people, wildlife, and even other insects (1) . Because of their highly specific toxicity, Bt toxins offer tremendous benefits for insect pest management.
Populations of more than 500 species of insects and mites have evolved resistance to insecticides and acaricides (3) ; laboratory selection experiments show that many pests can also adapt to Bt toxins (4) . So far, documented cases of resistance to Bt in open-field populations of pests are limited to one insect species, the diamondback moth (Plutella xylostella) (4) . However, greatly increased use of Bt toxins, whether delivered by conventional sprays or by genetically engineered crops, raises the likelihood that pests will adapt (4) (5) (6) . Transgenic corn and cotton that express the lepidopteran-active Bt toxins Cry1Ab and Cry1Ac, respectively, were grown commercially in the United States for the first time during 1996. In 1997, Btexpressing corn, cotton, and potatoes were planted on more than 3 million hectares in the United States (7) . This major increase in exposure to Bt toxins intensifies selection for resistance in pests.
The goal of resistance management is to delay resistance in pests; success requires knowledge about the genetic and biochemical basis of resistance (8) . For example, the widely recommended refuge͞high-dose strategy is based on the idea that refuges from exposure to Bt permit susceptible insects to survive and mate with resistant insects emerging from nearby Bt crops. This strategy is expected to work best if resistance is recessive, so that hybrid offspring from resistant and susceptible parents are killed by the toxin in the Bt-expressing crop (4, 5, 9, 10) . Previously reported evidence shows that in some strains of diamondback moth, resistance to some Bt formulations and toxins is inherited as a partially or completely recessive trait (11) (12) (13) (14) (15) . The resistant NO-QA strain of diamondback moth from Hawaii harbors a recessive mutation that confers resistance to at least four Bt toxins (14) . Although various mechanisms of resistance are possible (13, 16, 17) , reduced binding of toxin to midgut membranes is the only mechanism of resistance to Bt known in diamondback moth (13, 15) .
A key question in resistance management and evolutionary theory is whether separate populations arrive at the same genetic solution when faced with similar selection (18, 19) . If this occurs, either by gene flow that spreads adaptive mutations (20) or by independent evolution, optimal strategies for managing resistance can be devised by analyzing a few resistant populations.
We tested this hypothesis by comparing resistant strains of diamondback moth isolated from Hawaii (NO-QA), Pennsylvania (PEN), and the Philippines (PHI). Previous comparisons among independently published studies suggested that differences among strains might occur (15, 21, 22 ), yet it was not clear if the observed variation was genetically based or caused by variation in environmental conditions and techniques among laboratories. Direct experimental comparisons reported here revealed key differences among strains of diamondback moth in the genetic and biochemical basis of resistance to Bt toxins that profoundly affect the choice of resistance management strategies.
MATERIALS AND METHODS
Insects. Three resistant strains of diamondback moth were started from field populations (21, 23, 24) that had been sprayed repeatedly with commercial formulations of Bt subsp. kurstaki such as Dipel and Thuricide, which contain several toxins including Cry1Aa, Cry1Ab, and Cry1Ac (25). Before we compared the resistant strains, each had been selected with Bt in the laboratory to reduce the frequency of susceptible individuals. The NO-QA strain from Hawaii, which was derived from approximately 80 individuals sampled in August 1989 from a watercress farm in Pearl City on the island of Oahu, had been selected with Dipel more than 20 times (23) . The PEN strain from Pennsylvania, which was derived from 280 moths emerging from a collection of 608 larvae taken in July 1993 from two collard fields in Newtown, had been selected with a mixture of Cry1Ac and Cry1C three times followed by three selections with only Cry1Ac. The PHI strain from the Philippines (21), which was derived from 130 pupae sent to the University of València from a sample collected in March 1993 near Baguio City on the island of Luzon, had been selected eight times with Cry1Ab. In addition, to reduce heterogeneity observed within PHI, larvae from PHI were exposed to Cry1Ab during this study. Adult survivors of this exposure were used in single-pair crosses; the F 1 progeny of survivors were tested in bioassays. As internal standards, we used the susceptible LAB-P strain from Hawaii (22) in bioassays and the susceptible LAB-V strain, which was obtained from The Netherlands and reared at the University of València (21) , in binding experiments.
Bioassays. We tested the protoxin form of six toxins in bioassays: Cry1Aa, Cry1Ab, Cry1Ac, Cry1C, Cry1F, and Cry1J. We obtained Cry1A proteins from recombinant Escherichia coli HB101, which expressed either Cry1Aa, Cry1Ab, or Cry1Ac. Protoxin preparations were purified as intracellular inclusion bodies isolated from lysed cells (14) . We used liquid formulations containing Cry1C (MYX833-4C1) or Cry1F (MYX837-446) that had been expressed in and encapsulated by transgenic Pseudomonas fluorescens (Mycogen, San Diego). Cry1J was obtained from Ecogen strain EG7279 (22) .
Larvae were reared on cabbage and tested with bioassays at the University of Hawaii (22) . Groups of 10 third instars were allowed to eat cabbage leaf disks that had been dipped in distilled water dilutions of individual Bt toxins (22) . In all tests, the concentration of Cry1A toxins and Cry1J was 10 mg protoxin per liter; Cry1C and Cry1F were tested at 10 ml formulated toxin per liter (22) . Mortality was recorded after 5 days and adjusted for mortality of larvae that ate control disks dipped in distilled water only. In all treatments, including distilled water controls, we added a surfactant (0.2% Triton AG98, from Rohm & Haas).
Evaluation of Maternal Effects, Sex Linkage, and Dominance. We performed reciprocal single-pair crosses (14) between adults from each of the three resistant strains and the susceptible LAB-P strain. In every single-pair cross, one virgin female and male were caged together for mating and egg production (14) . Each resulting family was reared separately on cabbage (14) . In bioassays of these single-pair F 1 families, broods were split so that offspring from each family were exposed to one of four toxins (Cry1Aa, Cry1Ab, Cry1Ac, or Cry1F) or to distilled water only as a control.
We evaluated maternal effects and sex linkage by comparing the results of reciprocal crosses. We estimated h, the dominance of resistance, using the previously described singleconcentration method (26, 27) as follows:
, where v 11 , v 12 , and v 22 are the relative viabilities of larvae from parental resistant strains, F 1 hybrid progeny (pooled across single-pair families for each resistant strain ϫ LAB-P), and the susceptible LAB-P strain, respectively. Values of h range from 0 (completely recessive resistance) to 1 (completely dominant resistance). This method of estimating dominance assumes that no genetic variation in susceptibility occurs within the parental resistant or susceptible strains. Genetic variation within the resistant or susceptible parental strains can bias such estimates of dominance downward or upward, respectively (14, 26) . Because previous work revealed the presence of alleles for resistance within the susceptible LAB-P strain at a frequency of about 0.11 (14) , we viewed values of h as first approximations of dominance. To obtain a more detailed assessment of dominance and genetic variation within parental strains, we analyzed results from individual families separately.
Genetic Correlations and Number of Loci. To estimate genetic correlations of resistance between pairs of toxins, we used family mean correlations (28) based on analysis of arcsine-transformed mortality from split broods of the singlepair F 1 families (14) . If resistance to each toxin in a pair is controlled by independently segregating genes, no significant genetic correlation is expected. Strong genetic correlations imply that resistance to the toxins in a pair is controlled by a single locus or tightly linked loci (14) . We used two-way analysis of variance (ANOVA) of arcsine-transformed mortality data from split broods of the single-pair families to test for significant variation in mortality among families, among toxins, and family-by-toxin interactions. Significant variation in mortality among families indicates genetic heterogeneity within one or both of the parental strains in the cross. A significant family-by-toxin interaction shows that resistance is not controlled entirely by a single locus. Results from NO-QA ϫ LAB-P were reported previously (14) and are summarized here for comparisons with PEN ϫ LAB-P and PHI ϫ LAB-P.
Interstrain Complementation Tests for Allelism. To determine if the locus or loci responsible for resistance to Bt toxins varied among populations, we performed complementation tests for allelism between resistant strains. Using bioassays, we tested the offspring of single-pair crosses from each pairwise combination of resistant strains. If two resistant strains are crossed, each with recessive alleles for resistance at separate loci, allelic complementation will restore susceptibility (the wild-type phenotype) in the progeny. However, if the recessive resistance alleles occur at the same locus in different populations, progeny will be resistant because they will inherit resistance alleles at the same locus from both parents. When resistance is not recessive, interstrain complementation tests are less useful because F 1 progeny express some resistance even if the relevant loci differ among strains.
Binding Assays. We performed binding assays with brush border membrane vesicles (BBMV) and four toxins: Cry1Aa, Cry1Ab, Cry1Ac, and Cry1C. BBMV were prepared from whole fourth instar insects (29) at the University of València by a slight modification of the differential magnesium precipitation method of Wolfersberger et al. (30) . BBMV were frozen in liquid nitrogen and kept at Ϫ80°C until binding assays were conducted. The concentration of proteins in the BBMV preparations was determined by the method of Bradford (31) using BSA as standard.
Cry1A protoxins were obtained from recombinant Escherichia coli as described above. Cry1C provided by Ruud de Maagd was obtained from recombinant E. coli that expressed the cry1C gene from the 60.5 strain of B. thuringiensis subsp. entomocidus (40) . Protoxins were solubilized and trypsinactivated using standard procedures (41) . Labeling of trypsinactivated Cry1A toxins (25 g each) with [ 125 I]NaI (1 mCi for Cry1Ab and Cry1Ac; 0.5 mCi for Cry1Aa; 1 Ci ϭ 37 GBq) was carried out with the chloramine-T method (32) . Trypsinactivated Cry1C (25 g) was labeled with [ 125 I]NaI (0.5 mCi) using Iodo-Gen (Pierce) (33) . Labeled toxins were separated from free iodine using BioGel P30 (Bio-Rad) columns. Specific activities were 0.63 mCi͞mg for Cry1Aa, 1.9 mCi͞mg for Cry1Ab, 2.1 mCi͞mg for Cry1Ac, and 0.15 mCi͞mg for Cry1C.
Binding experiments were performed in a final volume of 0.1 ml in binding buffer (8 mM Na 2 HPO 4 ͞2 mM KH 2 PO 4 ͞150 mM NaCl, pH 7.4͞0.1% BSA) containing 1.1 nM 125 I-labeled Cry1Aa, 1.5 nM 
RESULTS
Resistance and Cross-Resistance Spectrum. The NO-QA and PEN strains were extremely resistant to Cry1Aa, Cry1Ab, Cry1Ac, Cry1F, and Cry1J (Table 1) . Because neither strain had been exposed to Cry1F or Cry1J, decreased susceptibility to these toxins represents cross-resistance. In contrast, PHI was only partially resistant to the three Cry1A toxins and susceptible to Cry1F and Cry1J (Table 1 ). All strains were susceptible to Cry1C (Table 1) .
Evaluation of Maternal Effects, Sex Linkage, and Dominance. For each resistant strain, susceptibility did not differ between progeny derived from reciprocal crosses (e.g., PHI female ϫ LAB-P male vs. LAB-P female ϫ PHI male). These results indicate that maternal effects and sex linkage were not evident; resistance was autosomally inherited.
As reported previously for NO-QA ϫ LAB-P (14), mortality of F 1 larvae from PEN ϫ LAB-P showed that resistance to Cry1Aa, Cry1Ab, Cry1Ac, and Cry1F was recessive in PEN ( Table 2 and Fig. 1) . Estimates of dominance (h) based on mean mortality pooled across families ranged from 0.06 to 0.13 for PEN (Table 2) , which indicates almost complete recessiveness of resistance to each of the four toxins.
In contrast to the recessive inheritance of resistance to all three Cry1A toxins observed in NO-QA and PEN, results with PHI show recessive inheritance of resistance to Cry1Ab (h ϭ 0.22), but not to Cry1Aa (h ϭ 0.70) or Cry1Ac (h ϭ 0.48) ( Table 2 and Fig. 1 ). Mortality caused by Cry1Aa ranged from 0 to 10% (mean ϭ 4.6%) in 5 of the 16 single-pair F 1 families derived from PHI ϫ LAB-P (Fig. 1) . These results show that PHI harbored at least one dominant mutation conferring resistance to Cry1Aa. Mortality caused by Cry1Ac to the 16 F 1 families from PHI ϫ LAB-P ranged from 21.1 to 90% (Fig. 1 ) with a mean of 64.1%, which suggests control by one or more semidominant mutations.
Genetic Correlations and Number of Loci. As observed previously for NO-QA (14) , PEN showed strong genetic correlations in resistance between all six pairwise combinations of Cry1Aa, Cry1Ab, Cry1Ac, and Cry1F (mean r ϭ 0.75, df ϭ 12, P Ͻ 0.05 for each pair). The simplest interpretation of this evidence is that, like NO-QA (14) , PEN has a mutation at a single locus that confers resistance to these four toxins.
In contrast, resistance to Cry1F in PHI was not correlated with resistance to the three Cry1A toxins (Table 1) . Further, in F 1 families from PHI ϫ LAB-P, genetic correlations in resistance between the three pairwise combinations of Cry1A toxins were weak (mean r ϭ 0.51) and the correlation between resistance to Cry1Aa and Cry1Ab was not significant (r ϭ 0.43, df ϭ 14, P ϭ 0.096). Family 21 derived from PHI ϫ LAB-P, in which mortality was 0% for Cry1Aa and 100% for Cry1Ab (Fig. 1) , provides striking evidence for independent genetic control of resistance to these two toxins in PHI (Fig. 1) .
Mortality varied significantly among the 14 single-pair families derived from PEN ϫ LAB-P: for families 1-5, mean mortality was 68.2%; for families 6-14, mean mortality was 98.3% (Fig. 1) . This type of variation among families is similar to that observed previously from NO-QA ϫ LAB-P and is consistent with the previous conclusion that some LAB-P parents were heterozygous for a multitoxin resistance gene (14) . However, significant family-by-toxin interactions in mortality of split broods from PEN ϫ LAB-P (Fig. 1) and NO-QA ϫ LAB-P (14) suggest that, in addition to a multitoxin resistance mutation, PEN and NO-QA contain one or more other loci influencing resistance. For PEN ϫ LAB-P, this interaction reflects, in part, unexpectedly low mortality caused by Cry1Ac in families 1, 3, and 5 and unexpectedly high mortality caused by Cry1Ac in family 2 (Fig. 1) .
Interstrain Complementation Tests for Allelism. F 1 progeny from crosses between NO-QA and PEN were resistant to the three Cry1A toxins and Cry1F (range in mortality ϭ 0-1.7%, n ϭ 118-301 larvae per toxin). These results suggest that NO-QA and PEN share a genetic locus that controls multitoxin resistance. Further, these data and the responses of the parental strains (Table 1) suggest that NO-QA and PEN were almost completely homozygous for resistance at this locus.
Responses to Cry1Ab, the only toxin to which PHI showed recessive inheritance, varied among F 1 progeny from PHI ϫ NO-QA and PHI ϫ PEN. Of 30 single-pair families (total n ϭ 1070 larvae), 20 had mortality ranging from 0 to 15% (mean ϭ 3.3%) and 10 had mortality ranging from 20 to 67% (mean ϭ 43.7%). The 20 families with little or no mortality show that resistance to Cry1Ab in PHI was controlled at least in part by allelic variation at the same locus that controls multitoxin resistance in PEN and NO-QA. It appears that the 20 families with mortality close to 0% represent crosses in which the PHI parent was homozygous for resistance to Cry1Ab, whereas the others represent crosses in which the PHI parent was heterozygous. This explanation is supported by the correspondence between estimates of the frequency of Cry1Ab-resistant homozygotes in PHI based on the survival of PHI larvae (0.609, n ϭ 652 larvae, Table 1 ) and the frequency of F 1 families from PHI ϫ NO-QA and PHI ϫ PEN with low mortality (20͞30 ϭ 0.667) (X 2 ϭ 0.42, df ϭ 1, P Ͼ 0.5).
Binding Assays. Binding tests with BBMV and 125 I-labeled Bt toxins (Fig. 2) showed greatly reduced specific binding of Cry1Ab in the three resistant strains compared with the susceptible strain. In contrast, specific binding of Cry1Ac occurred in PHI but not in NO-QA or PEN. No obvious differences among strains were observed in the binding curves for Cry1Aa. Specific binding of Cry1C occurred in all four strains of diamondback moth.
DISCUSSION
Our results show that the genetic and biochemical basis of resistance to Bt toxins varied among strains derived from widely separated populations of diamondback moth. Resistance to Bt in the PHI strain from the Philippines differed from that observed in the NO-QA strain from Hawaii and the PEN strain from Pennsylvania.
Similar to results from previous studies, we found correspondence between binding and bioassay data in some but not all cases. As expected, the susceptible strain bound all four toxins and all four strains bound Cry1C. Each of the three resistant strains showed greatly reduced binding of Cry1Ab, which implies that reduced binding of toxin to midgut membranes conferred resistance to Cry1Ab in these strains. The apparent lack of binding of Cry1Ab in PHI despite partial susceptibility to Cry1Ab in this strain might have been caused, in part, by a lower frequency of heterozygotes in the subpopu- and Cry1F, which were tested at 10 ml formulated toxin per liter. Each test was replicated at least four times. Average total sample size was 142 larvae per toxin per strain. † Mortality of PEN in response to Cry1C and Cry1J was estimated from a related study (unpublished) in which artificial diet bioassays with PEN showed no resistance to Cry1C and Ͼ1,000-fold resistance to Cry1J relative to a susceptible strain. lation tested in binding studies compared with the subpopulation tested in bioassays. Lack of specific binding was also associated with resistance to Cry1Ac in NO-QA and PEN but not in PHI.
Although the binding results reported here reveal some qualitative differences between strains, we view them cautiously because the technique used here provides only limited resolution. For example, the data reported here show no obvious differences among strains in binding of Cry1Aa.
Nonetheless, competitive binding analyses in progress indicate that diamondback moth has two binding sites for Cry1Aa and that the one shared with Cry1Ab and Cry1Ac is altered in NO-QA and PEN but not in PHI (Ferré, unpublished data) . Likewise, competitive binding tests will be needed to more fully understand results with other toxins.
In light of findings that Cry1Aa, Cry1Ab, Cry1Ac, and Cry1F compete for a common binding site in diamondback moth (21, 35) , the data on inheritance of resistance and toxin Resistant strain PEN ϫ susceptible strain LAB-P (n ϭ 1,605 larvae). (Lower) Resistant strain PHI ϫ LAB-P (n ϭ 1,451 larvae). Families are numbered from lowest (left) to highest mortality caused by Cry1Aa. Two or three groups of 9-11 larvae from each family were tested against each toxin (n ϭ 59-121 larvae per family). Concentrations were 10 mg Cry1A toxin per liter and 10 ml formulated Cry1F per liter. Bars show mean mortality Ϯ 1 SE. Genetic correlations were estimated from arcsine-transformed mortality data as described previously (14) . Two-way ANOVA of the arcsine-transformed mortality data revealed significant effects of family (P Ͻ 0.0001 for both PEN and PHI), toxin (P ϭ 0.0011 for PEN and P Ͻ 0.0001 for PHI), and family-by-toxin interaction (P Ͻ 0.0001 for PEN and P ϭ 0.0002 for PHI). Results from complementation tests show that resistance to Cry1Ab in the PHI strain is controlled at least in part by allelic variation at the same locus that controls multitoxin resistance in NO-QA and PEN. However, the mutation in PHI at this locus does not confer resistance to Cry1F or Cry1Aa. Thus in PHI, mutations at two or more independent loci were needed to attain resistance to the three Cry1A toxins, and at least one additional mutation would be required for resistance to Cry1F. The binding data suggest that at least one mechanism other than reduced binding confers resistance to Cry1Aa and Cry1Ac in PHI. The pattern observed here in PHI and in resistant strains of diamondback moth from Malaysia (36) shows that binding of Cry1Ab can be altered without affecting binding of Cry1Aa or Cry1Ac.
The evidence shows that the multitoxin resistance mutations in NO-QA and PEN confer the same spectrum of resistance, exhibit the same patterns of dominance and genetic correlations, occur at the same locus, and share the same biochemical mechanism of resistance. The multitoxin resistance mutations in NO-QA and PEN are similar but not necessarily identical. In any case, the recent appearance of resistance to Bt and geographical isolation between source locations in Hawaii and Pennsylvania suggest that resistance arose independently in these populations. If so, this differs from worldwide spread of a single mutation by migration, which is the scenario reported for resistance to organophosphate insecticides in mosquitoes (20) .
Diamondback moth resistance to Bt in Florida (15, 37) is similar to that from Hawaii and Pennsylvania described here. Because of their proximity, the probability of a common origin of resistance is greater for Florida and Pennsylvania than for the three widely separated sites compared in our analysis.
The PHI strain differed from NO-QA and PEN in crossresistance to Cry1F and Cry1J, dominance of resistance to Cry1Aa and Cry1Ac, and binding of Bt toxins. The differences in dominance and cross-resistance profoundly affect the appropriate choice of tactics for managing resistance. For example, the widely recommended refuge͞high-dose strategy (4, 5, 9, 10) is expected to work best when resistance is recessive, as seen in NO-QA and PEN, but may fail when resistance is not recessive, as seen with Cry1Aa and Cry1Ac in PHI. The dominant resistance to Cry1Aa observed in PHI is especially noteworthy because other cases of resistance to Bt toxins in Lepidoptera are not dominant (4, 13) . Further, the success of rotations or combinations of toxins depends critically on patterns of cross-resistance, which differed among strains. Previous results with the tobacco budworm (Heliothis virescens) indicate that variation in resistance to Bt can occur among laboratory-selected strains (38, 39) . Results with diamondback moth reported here show that variation in key resistance traits occurs among conspecific field populations and must be considered in the design of resistancemanagement strategies.
